Low-protein diets cause a urinary concentrating defect in rats and humans. Previously, we showed that feeding rats a low (8%) protein diet induces a change in urea transport in initial inner medullary collecting ducts (IMCDs) which could contribute to the concentrating defect. Now, we test whether decreased osmotic water permeability (P f ) contributes to the concentrating defect by measuring P f in perfused initial and terminal IMCDs from rats fed 18 or 8% protein for 2 wk. In terminal IMCDs, arginine vasopressin (AVP)-stimulated osmotic water permeability was significantly reduced in rats fed 8% protein compared to rats fed 18% protein. 
Introduction
Low-protein diets decrease urine concentrating ability in rats and humans (1) (2) (3) (4) (5) (6) . In rats fed a low-protein diet, maximal urine osmolality (after water deprivation and/or exogenous arginine vasopressin [AVP] 1 administration) is reduced by 27-48% (3, 6) . In healthy adult humans fed a low-protein diet, maximal urine osmolality was reduced from 1,000 to 750 mOsm/kg H 2 O (2, 4). In patients with protein-calorie malnutrition, maximal urine osmolality was 450 mOsm/kg H 2 O and increased to 755 mOsm/kg H 2 O after protein repletion (5) . In both rats and humans, the reduction in urine osmolality can be limited to a reduction in both urinary urea and nonurea solute concentrations (1, 3) .
We previously showed that the adaptive response to a low (8%)-protein diet includes induction of two urea transport processes, an AVP-stimulated facilitated urea transporter (7) (8) (9) and a sodium-dependent secondary active urea transporter (7, 10) . Neither urea transport process is expressed in initial inner medullary collecting ducts (IMCDs) from rats fed a normal (18%) protein diet. This response permits an increase in urea reabsorption across the initial IMCD by decreasing urea delivery to the deeper portions of the inner medulla and could contribute to the decrease in urine concentrating ability in rats fed a low-protein diet (1, 2, 11, 12) .
Our previous studies also showed that the adaptive response to dietary protein restriction includes marked changes in initial IMCD principal cell ultrastructure (7) but does not include changes in Na ϩ /K ϩ -ATPase activity (10) , aldose reductase, or sorbitol dehydrogenase activity (8) . The purpose of the present study was to explore the specificity of the adaptive response to a low-protein diet. An inability to reabsorb water normally across the IMCD (and/or other collecting duct segments) could contribute to the decrease in urine concentrating ability. Consequently, we tested whether a second AVP-regulated transport function, water transport, may be altered by dietary protein restriction.
Methods
Tissue preparation. Pathogen-free male Sprague-Dawley rats (National Cancer Institute, Frederick, MD) were kept in filter-top cages with autoclaved bedding and received free access to water and either an 18 or 8% protein diet for 2 wk (NIH-31 or NIH-31M, respectively; Ziegler Brothers, Gardner, PA). Rats fed this low-protein diet grow and maintain normal values of serum albumin, creatinine, total protein, and potassium (3, 7, 8) .
To measure urine output, rats were weighed, fed 18 or 8% protein diets for 2 wk, then reweighed and placed into metabolic cages. Water consumption and 24 h urine output were measured. Urine concentrating ability was assessed by measuring urine osmolality (model 5500 osmometer; Wescor, Logan, UT) after 24 h of water deprivation.
Tissue preparation for tubule microperfusion. 20 min before each experiment, furosemide (5 mg i.p.) was administered (13) . The kidneys were placed into chilled (17 Њ C), isotonic, dissecting solution to isolate initial or terminal IMCDs as described previously (7, 14) . The dissecting solution was gassed with 95% O 2 and 5% CO 2 and contained (in mM): NaCl 118, NaHCO 3 25, CaCl 2 2, K 2 HPO 4 2.5, MgSO 4 1.2, glucose 5.5, and creatinine 4. Initial IMCDs were dissected between the inner-outer medullary border (defined by the disappearance of thick ascending limbs) and the first bifurcation of collecting ducts within the inner medulla (13, 14) . Terminal IMCDs were dissected between 50 and 70% of the distance from the inner-outer medullary junction and the papillary tip (13, 14) . The tubules were perfused after transfer into a bath which was exchanged continuously at a rate of 1 ml/min and was bubbled with 95% O 2 /5% CO 2 gas (13, 14) . Solution osmolality was also measured.
Osmotic water permeability (P f ) measurement. To determine P f in initial or terminal IMCDs, creatinine was used as a volume marker (7, (14) (15) (16) . Creatinine concentration in perfusate, bath, and collected fluid was measured using a continuous-flow ultramicro-colorimeter as described (7, 14) . P f was measured by increasing bath osmolality to 490 mOsm/kg H 2 O by adding NaCl (14, 17) . The perfusion rate (V o ) was calculated as: V o ϭ V l ( Cr l / Cr o ), where Cr o is the creatinine concentration in the perfusate, Cr l the creatinine concentration in the collected fluid, and V o and V l are as defined above. Fluid flux (J v ) was calculated as: J v ϭ V o Ϫ V l . P f was calculated using the equation of AlZahid et al. (18) as described (14) .
After three to four control collections, 100 pM AVP was added to the bath. After 30 min (19), a second set of three collections with a stable P f value were obtained to assess the response to AVP.
Immunohistochemistry. Rat kidneys were fixed with 4% paraformaldehyde, immersed in 15% sucrose/PBS at 4 Њ C, embedded in O.C.T. (Baxter Healthcare Corp., Deerfield, IL), frozen, and stored at Ϫ 80 Њ C. Each kidney was cut into 7.5-m sections using a cryostat (20) (21) (22) . After fixing in acetone, the sections were blocked with 1% gelatin/PBS, and incubated with a primary antibody which was either a polyclonal rabbit anti-rat aquaporin (AQP) 2 or AQP3 antibody, generously provided by Dr. Mark A. Knepper (NIH, Bethesda, MD) (23, 24) . Next, sections were incubated with secondary antibody (goat anti-rabbit IgG), then with ABC-alkaline phosphatase (#AK5000; Vector Laboratories, Inc., Burlingame, CA) and reacted with Vector Substrate I plus levamisole (#SK5100; Vector Laboratories Inc.). The sections were lightly counterstained with hematoxylin.
Western blot analysis. Kidney inner medullae were dissected into two regions: ( a ) base and ( b ) tip, to correlate with locations of the initial and terminal IMCD, respectively, as previously described (9) . Tissue dissected from both kidneys from a single rat were placed into an ice-cold isolation buffer (triethanolamine 10 mM, sucrose 250 mM, pH 7.6, leupeptin 1 mg/ml, and PMSF 2 mg/ml), homogenized using a Teflon ® homogenizer, and frozen at Ϫ 80 Њ C (23). After thawing, a portion of the homogenate was diluted 1:1 with 1% SDS and used for Western analysis of total cell lysate. The remainder of the homogenate was centrifuged twice at 4,000 g for 15 min at 4 Њ C, and the two supernatants were pooled and recentrifuged at 16,000 g for 30 min (23) (24) (25) (26) (27) , yielding the "low-speed" pellet that was resuspended in 200 l of the isolation buffer. Finally, supernatant was recentrifuged at 200,000 g for 60 min (24) (25) (26) (27) , yielding the "highspeed" pellet that was resuspended in 200 l of the isolation buffer. The low-speed pellet was used because it contains primarily membrane proteins while the high-speed pellet was studied because it contains primarily protein from intracellular vesicles (24) (25) (26) (27) .
Total protein in each sample was measured by the Bradford method (Bio-Rad Laboratories, Richmond, CA). The remaining sample was microfuged at full speed for 3 min, and the pellet was resuspended in 50 l of SDS-PAGE sample buffer and was heated at 60 Њ C for 20 min. Proteins were size-separated by SDS-PAGE on 15% Laemmli gels, electroblotted to PVDF membranes (Gelman Scien- The Western blots were probed with polyclonal antibodies to AQP2 (23) or AQP3 (24) diluted 1:2,000 in TBS with 0.5% Tween-20 overnight at 4 Њ C, then washed 3 ϫ in TBS/Tween. Blots were then incubated with horseradish peroxidase-linked goat anti-rabbit IgG (dilution 1:5,000; Amersham International, Little Chalfont, UK) for 2 h at room temperature, washed twice with TBS/Tween, and bound antibody was visualized using chemiluminescence (ECL Western Blot kit; Amersham International).
Laser densitometry was used to quantitate the AQP signal. Total signal intensity was obtained by adding intensity of the two AQP bands (23) . Results are expressed as arbitrary U/mg protein loaded. We loaded immunoblots probed for AQP2 with 3 g protein/lane based upon our initial dose-studies ( Fig. 1) and (23) . Immunoblots probed for AQP3 were loaded with 6 g protein/lane (24) . Some samples were duplicated on each gel to compare the densitometric results of different gels.
Statistics. Data are presented as mean Ϯ SE ( n ), where n indicates the number of rats studied. For the microperfusion experiments, data from three to four collections were averaged to obtain a single value from each experimental phase in each tubule. For comparisons between two groups, a Student's t test or a Mann-Whitney u-test was used to test for statistical significance. For comparisons between more than two groups, an ANOVA was used to test for statistical significance, followed by a multiple comparison, protected t test (28) to determine which groups were significantly different. The criterion for statistical significance was P Ͻ 0.05.
Results
Urine studies. All rats weighed 60-65 g at the start of the study. There was no significant difference in weight, urine output, or water intake between rats fed 18 or 8% protein after 2 wk (Table I) . After 24 h of water deprivation, urine osmolality was reduced by 36% in rats fed 8% protein compared to rats fed 18% protein (Table I) .
Osmotic water permeability. In rats fed 8% protein for 2 wk, basal P f in terminal IMCDs was not significantly different from rats fed 18% protein (Fig. 2 A ) . AVP (100 pM) significantly increased P f in terminal IMCDs from rats fed 18 or 8% protein. However, the increase with 100 pM AVP was significantly lower in terminal IMCDs from rats fed 8% protein than from rats fed 18% protein.
In initial IMCDs from rats fed 18 or 8% protein (Fig. 2 B ) , AVP (100 pM) significantly increased P f . Basal and AVP-stimulated P f values were not significantly different between initial IMCDs from rats fed 18 or 8% protein.
The perfusion flow rate was similar in each experimental condition. The values are provided in Table II .
Immunohistochemistry. Inner medulla from rats fed 18 or 8% protein for 2 wk shows AQP2 staining localized to the IMCDs. Negative control studies (omission of the AQP2 pri- Western blot analysis of AQP2. In both the inner medullary base and tip from rats fed 18 or 8% protein for 2 wk, immunoblots of protein from the membrane fraction (16,000 g pellet) probed using the AQP2 antibody show a band at 29 kD and a broad band at 35-45 kD (Fig. 3 A) . In the base region, laser densitometry (Fig. 3 B) showed no significant difference in these bands between rats fed 18 and 8% protein. However, in the tip region, rats fed 8% protein had a 29% lower level of immunoreactive AQP2 protein (P Ͻ 0.05) on average. In addition, the amount of immunoreactive AQP2 protein was 60% higher (P Ͻ 0.05) on average in the tip than in the base region in rats fed 18% protein, but not in rats fed 8% protein.
Immunoblots of inner medullary tip protein from the vesicle fraction (200,000 g pellet) and probed using the AQP2 antibody show bands at 29 and 35-45 kD (Fig. 4 A) . Laser densitometry showed that rats fed 8% protein had a 36% lower level of AQP2 protein (P Ͻ 0.05, Fig. 4 B) on average.
Immunoblots of inner medullary tip proteins from total cell lysate and probed using the AQP2 antibody show bands at 29 and 35-45 kD (Fig. 5 A) . Fig. 5 B shows a Coomassie bluestained gel run in parallel which shows no obvious difference between rats fed 18 or 8% protein, indicating that the differences in immunoreactive AQP2 (Fig. 5 A) were not due to a difference in the loading of the gel. Laser densitometry showed that rats fed 8% protein had a 32% lower level of AQP2 protein (P Ͻ 0.05, Fig. 5 C) on average.
Western blot analysis of AQP3. Immunoblots probed using the AQP3 antibody show a band at 27 kD and a broad band at 33-40 kD in protein from the membrane fraction (16,000 g pel- region from rats fed 18% protein (NP) is significantly increased compared to the tip region from rats fed 8% protein (LP). n ϭ 4 rats in each group; *P Ͻ 0.05. let) of both the base and tip regions from rats fed 18 or 8% protein (Fig. 6 A) . There was no significant difference in the level of immunoreactive AQP3 protein in either the base or tip between rats fed 18 or 8% protein. Laser densitometry (Fig. 6  B) showed that immunoreactive AQP3 was 65% higher in the base than in the tip in rats fed 18% protein (P Ͻ 0.05) and was 74% higher in rats fed 8% protein (P Ͻ 0.05) on average.
Discussion
Our main results are that AVP-stimulated osmotic water permeability is significantly reduced in the terminal IMCD and immunoreactive AQP2 protein is significantly reduced in the tip of the inner medulla of rats fed a low (8%)-protein diet for 2 wk. The percent reduction in AQP2 protein was similar in total cell lysate, membrane (16,000 g) fraction, and vesicle (200,000 g) fraction. Based upon the immunohistochemical localization of AQP2 in terminal IMCDs but not in thin limbs or vasa recta (23, (29) (30) (31) , we believe that the reduction in osmotic water permeability we observed in perfused terminal IMCDs can be related to the reduction in AQP2 protein we observed in the tip of the inner medulla. Thus, there are at least two adaptations in rats fed a low-protein diet that reduce urine concentrating capacity: (a) increased urea reabsorption across the initial IMCD (7-10) and (b) decreased water reabsorption across the terminal IMCD.
Osmotic water permeability. We could find no previous reports detailing P f in rats fed a low-protein diet except for a study of the influence of protein malnutrition and the rats we studied were not malnourished. Kudo et al. (32) measured osmotic water permeability in terminal IMCDs from malnourished Wistar rats fed 6% protein for 3 wk (these rats had lost 20% of their body weight). Kudo et al. found that basal hydraulic permeability (L p ) was zero in malnourished rats as well as in rats fed 25% protein, but AVP-stimulated L p was significantly reduced at 2.2 and 22 pM AVP in the malnourished rats (32) . Curiously, at 0.2 and 110 pM AVP, L p in malnourished and normal Wistar rats were similar (32) and the authors did not determine the influence of changes in water transport protein(s). In the present study, we used a low (8%) protein diet which does not cause malnutrition (3, 7, 8) and confirmed there was no significant difference in weight between rats fed the 18 or 8% protein diet for 2 wk (Table I) . Thus, the decrease in AVP-stimulated P f observed in this study must be a specific adaptive response to a low-protein diet, rather than a nonspecific response to malnutrition.
We, like others, found that rats fed a normal (18%) protein diet have basal and AVP-stimulated P f values which are higher in terminal IMCDs than in initial IMCDs (14, 33, 34) . Feeding rats 8% protein did not change basal P f values in either IMCD subsegment, but the 8% protein diet led to significantly lower AVP-stimulated P f values in terminal IMCDs, but not in initial IMCDs. Since AVP-stimulated cyclic AMP production is unaffected by dietary protein restriction in either IMCD subsegment (8), the reduction in AVP-stimulated P f must not be due to a reduced ability to produce cyclic AMP.
Aquaporin proteins. The aquaporin family of water channel proteins includes AQP2, the AVP-regulated water channel cloned by Fushimi et al. (35) . Nielsen et al. prepared a polyclonal antibody to AQP2 which recognizes two bands: a 29-kD protein and a broader band between 35 and 45 kD which is thought to be the glycosylated form of AQP2 (23) . We found a similar band pattern by Western blot. AQP2 is located primarily in the apical plasma membrane and intracellular space of principal and IMCD cells along the entire collecting duct (23, 29) .
The AQP3 water channel was cloned by Ishibashi et al. (C) Summary of laser densitometric analysis. AQP2 protein in the tip region from rats fed 18% protein (NP) is significantly increased compared to the tip region from rats fed 8% protein (LP). n ϭ 5 rats in each group; *P Ͻ 0.05. AQP3 (24) . We found a similar band pattern by Western blot. AQP3 is located primarily in the basolateral plasma membrane of principal and IMCD cells in the medullary portions of the collecting duct (31, (36) (37) (38) (39) .
Regulation of AQP2 protein. Besides AVP, three mechanisms of regulation have been proposed for AQP2: (a) shuttling of preformed AQP2 between intracellular vesicles and the apical plasma membrane (23, 25, 26, 30) ; (b) phosphorylation of AQP2; and (c) variation in the amount of AQP2 protein. The first two mechanisms are thought to be involved in the acute response to AVP, while the latter mechanism may be important for chronic changes in concentrating ability. Regarding the first mechanism, we also found AQP2 protein in both plasma membrane and intracellular vesicle protein fractions. After acute administration of AVP, AQP2-containing vesicles fuse with the apical plasma membrane, but after withdrawing AVP, AQP2 is found in endocytosed vesicles (26, 30) .
Regarding the second mechanism, Kuwahara et al. showed that APQ2 in Xenopus oocytes can be phosphorylated by protein kinase A (40) . Whether phosphorylation occurs in the collecting duct and whether changes regulate water transport have not been tested.
In the present study, we tested whether the third mechanism is involved in the change in AVP-stimulated P f in terminal IMCDs from rats fed a low-protein diet. Previous studies show that variation in immunoreactive AQP2 protein levels can occur in rat models causing chronic changes in concentrating ability. For example, AQP2 protein is: (a) increased by dehydration (23); (b) increased by treating Brattleboro rats with AVP (31, 41) ; (c) decreased in lithium-treated rats (42); (d) decreased in hypokalemic rats (43) ; and (e) decreased by V 2 -receptor antagonists (44) . We conclude that a decrease in AQP2 protein is involved in the response to a low-protein diet which also reduces concentrating ability.
In dehydrated rats, hypokalemic rats, and in AVP-treated Brattleboro rats, AQP2 protein expression changes in both the cortex and medulla, i.e. the change in AQP2 protein expression occurs along the entire collecting duct (43, 45) . Thus unlike these other animal models, the response to a low-protein diet involves changes in AQP2 protein and AVP-stimulated P f only in the inner medullary tip and presumably the terminal IMCD.
We found that the percent reduction in inner medullary tip AQP2 protein was similar (29-36%) in total cell lysate, plasma membrane proteins (16,000 g pellet), and intracellular vesicle proteins (200,000 g pellet) in rats fed a low-protein diet. Since the percent reduction in AVP-stimulated P f (60%) in terminal IMCDs was greater than the percent reduction in AQP2 protein, we cannot exclude the possibility that a second mechanism may contribute to the functional reduction in AVP-stimulated P f . One possibility is that there are differences in the size of the AQP2 pools between rats fed 18 and 8% protein. Alternatively, the reduction in AQP2 protein may impair its ability to form tetramers and transport water (46). Future studies will be needed to test these possibilities.
Regulation of AQP3 protein. Ecelbarger et al. (24) and Terris et al. (45) showed that dehydration increases AQP3 protein in the collecting duct. Terris et al. (45) also showed that treating Brattleboro rats with AVP increases AQP3 protein, but Yamamoto et al. (31) found no change in AQP3 protein. We found no change in AQP3 protein in either the inner medullary base or tip between rats fed 18 or 8% protein. Similar to the results of Ecelbarger et al. (24) , we did find significantly less AQP3 protein in the tip compared to the base, but the physiologic significance of this difference is unknown.
Summary and perspective. A low (8%) protein diet for 2 wk reduces AVP-stimulated P f in terminal IMCDs but not in initial IMCDs. This decrease in AVP-stimulated P f is not due to a reduction in AVP-stimulated cyclic AMP production (8), but can be linked, at least in part, to a decrease in immunoreactive AQP2 protein in the inner medullary tip, specifically in the terminal IMCD. Since we found no change in AQP3 protein, the change in AQP2 protein is relatively specific. The localized change in AQP2 protein (terminal IMCD only) may represent an unique adaptation to a low-protein diet since other models causing chronic changes in urine concentrating ability involve changes in AQP2 protein along the entire collecting duct (45) .
We propose that the urine-concentrating defect in rats fed a low-protein diet is due to (a) an increase in urea reabsorption across the initial IMCD resulting in an inadequate delivery of urea to the tip of the inner medulla (7-10) and (b) a decrease in AVP-stimulated osmotic water reabsorption across the terminal IMCD.
